Intmduction
The mechanisms of pattern formation, by which cells acquire the positional information necessary to execute different morphogenetic programs, are fundamental to embryonic development. In searching for developmental control genes critical in pattern formation, we have focused on the isolation of new homeobox genes. Homeobox genes are key regulators of pattern formation, as evidenced by their high degree of structural and functional conservation throughout evolution and the accumulating molecular-genetic evidence implicating them as developmental regulators in vertebrates as well as Drosophila (e.g. Dolle et al. 1993; Morgan et al., 1993; Small and Potter, 1993; Davis and Capecchi, 1994 ; reviewed by McGinnis and Krumlauf, 1992) . Vertebrate genomes contain four chromosomal clusters of homeobox genes that have arisen by duplication and within each cluster, the order of the genes is colinear with the anterior extent of their nested expression domains along the anteroposterior (A-P) axis of the embryo, suggesting the presence of a combinatorial 'Hex code' for specifying different A-P positional values Graham et al., 1989; reviewed by McGinnis and Krumlauf, 1992) . In addition to these 'Hex' genes, a large number of more distantly related homeobox genes occur individually and are not clustered.
The developing limb is a relatively simple and accessible tissue from which classical embryological studies have provided a conceptual framework that facilitates the molecular analyses of potential developmental con-trol genes and signaling molecules regulating this process (reviewed by Tabin, 1991; . The limb bud arises as a local thickening in the lateral plate mesoderm, whose outgrowth by distal proliferation depends on the presence of a specialized ridge of overlying ectoderm, known as the apical ectodermal ridge (AER). Under the continued presence of the AER, the region of subjacent, rapidly proliferating mesenchymal cells ('progress zone') gives rise to the successive parts of the limb, which are laid down in a proximal to distal sequence (Saunders, 1948; Summerbell et al., 1973; Summerbell, 1974; Lewis, 1975) . AER function is considered to be permissive, rather than instructive, for outgrowth and can be replaced by either exogenously applied FGF-2 or FGF4 (Niswander et al., 1993; Fallon et al., 1994) . A functionally defined posterior zone of mesenchyme known as the zone of polarizing activity (ZPA) regulates identities of skeletal elements along the A-P axis of the limb. ZPA grafts to the anterior margin of the limb bud induce mirror-image duplication of skeletal elements along the A-P axis (Saunders and Gasseling, 1968; Tickle et al., 1975) , suggesting the presence of a morphogen gradient arising from the ZPA. Retinoic acid implants mimic this effect (Tickle et al., 1982 and 1985) , but may act indirectly by triggering a polarizing activity in limb cells (reviewed by Tabin, 1991) . Sonic hedgehog has recently been implicated as such a mediator of polarizing activity (Riddle et al., 1993) . Several 5 ' members of the Hoxa and Hoxd clusters (previously Hoxi and Hox4, see Scott, 1992 ) may coordinately regulate patterning of the limb. The 5 ' Hoxd genes are expressed in overlapping posterior and distal zones of the limb bud colinearly with their chromosomal order and ZPA grafts induce duplicated expression domains of these genes that correlate with subsequent skeletal duplications IzpisuaBelmonte et al., 1991 , Nohno et al., 1991 . Likewise, the 5 ' Hoxa genes are expressed in restricted proximodistal zones along the limb bud (Yokouchi et al., 1991b; Haack et al., 1993) . These expression patterns suggest a Hox code in which A-P positional identity is specified by the combinatorial expression of different Hoxd genes along the limb A-P axis, and proximodistal identity is similarly regulated by Hoxu genes. Ectopic Hoxd-Zl expression in the anterior limb bud of the chick embryo results in posterior transformations consistent with this hypothesis (Morgan et al., 1992) . However, targeted disruption of Hoxd-13, Ho&II or Hoxa-11 results in a complex limb phenotype affecting multiple skeletal elements that is not readily reconciled with simple Hox code models (Dolle et al., 1993; Small and Potter, 1993; Davis and Capecchi, 1994) . The 5 ' Hoxa and Hoxd genes may specify a coarse Hox code that is not, by itself, very spatially specific, or there may be no 'simple' one-to-one correspondence between Hox expression combinations and individual skeletal element identities. Additionally, the role played by a number of other regulatory genes and growth factor/signaling molecules that are expressed in a region-specific fashion in the limb bud has yet to be ascertained (e.g. see reviews by Tabin, 1991; Izpisua-Belmonte and Duboule, 1992) .
We have isolated and characterized the limb-specific expression of a novel chick homeobox gene that we have found is also expressed during gastrulation (Knezevic et al., manuscript in preparation). We named this gene Gnotl because of similarity in homeobox structure and early expression with a recently described Xenopus gene, Xnot (Gont et al., 1993 , von Dassow et al., 1993 . Gnotl represents a new member of a new homeobox gene subfamily. The restricted expression domains, and the modulation of Gnotl expression in the developing limb following AER removal and ZPA grafts, indicate that Gnotl is expressed in a position-and fate-dependent manner consistent with a potential role in patterning.
Results

Identification and structure of Gnotl
We previously employed the polymerase chain reaction (PCR), using degenerate oligonucleotide primers (from highly conserved sequences comprising a! helix 1 and 3 within the homeodomain), to identify new homeobox genes present in early limb bud mRNA populations (Mackem and Mahon, 1991) . Analysis of additional PCR products revealed a novel homeobox gene. This PCR-derived homeobox fragment was used to screen a chick genomic DNA library. Genomic clones were isolated and subsequently used to screen chick limb bud cDNA libraries (as described in Experimental procedures). Multiple cDNA clones, as well as genomic clones, were analyzed and sequenced (see Fig. 1 ). The homeobox of this chick gene does not belong to any previously described subfamily (see Fig. 2A ), but shares some similarity with the Drosophila empty spiracles homeodomain (34/60 amino acid identity; ref. in Laughon, 1991) . The homeodomain is most closely related in structure to a recently described Xenopus gene, Xnot/XnotZ (probable pseudoalleles in the tetraploid Xenopus, Gont et al., 1993; von Dassow et al., 1993) , having 90% amino acid identity in the homeodomain. Because of this homology, and similarities to the Xenopus gene in expression pattern during gastrulation (expressed in Hensen's node and notochord; Knezevic et al., manuscript in preparation), the chick gene is designated Gnotl (G for gallus). It is uncertain whether Gnotl represents the true homolog of Xnot/Xnot2 or a related gene. Although the homology between these genes extends 3 ' of the homeodomain (64% amino acid identity), the two sequences diverge rapidly upstream of the homeodomain except for a short stretch of weak homology near the amino termini (shown in Fig. 2B ). We The 5'nucleotide sequence that was derived from genomic clone sequence is indicated by lowercase letters. An upstream, in-frame stop codon prior to the presumed initiator methionine (bold), and two alternatively used polyadenylation signals, are underlined. A chick repetitive sequence, CR1 (Stumph et al., 1981) , that is present in the 3'untranslated region, is overlined. Positions of introns are indicated by the arrowheads. The homeodomain is boxed.
have identified a related gene, Gnot2, whose homeodomain sequence is shown in Fig. 2A . Gnot2 is physically linked to and maps about 5 kbp from the Gnotl gene. Gnor2 is not related at all to either Xnot or Xnot2 outside of the homeodomain and is expressed primarily during early gastrulation (M. Ranson and N. Ljubic, unpublished results). Trace levels of Gnot2 message in developing limb (at stage 24) are only detectable on northern blots of polyA+ RNA but not by in situ hybridization (data not shown). Relatively high stringency genomic southern hybridizations with the Gnotl homeobox sequence (resistant to WC, 0. lx SSC washes) indicate the presence of several additional genes with a related homeodomain in the chick genome (unpublished observations).
The longest cDNA sequence derived from the Gnotl clones isolated is shown in Fig. 1B along with the predicted amino acid sequence. Since the longest cDNA clone of Gnotl that was isolated is not quite full length, the sequence corresponding to the first 5 ammo acids and 5 ' sequence shown in Fig. 1B are derived from the genomic sequence. This would give rise to a predicted polypeptide of 19 kD, which would be among the smaller homeodomain proteins described to date. The Xnot protein is predicted to be within the more typical size range of about 24 kD (von Dassow et al., 1993) . The 1.7-kbp Gnotl sequence shown in Fig. 1B is somewhat smaller than the transcript seen on northern blots (2.2 kbp, see below), which could be accounted for by contribution of the polyA tail and 5 ' untranslated sequences. Additionally, most of the cDNA clones that were isolated retained a 300-bp intron within the 3 '-untranslated region that is only seldomly excised by splicing. The Gnotl amino acid sequence upstream of the homeodomain is notable for being very proline and glycine rich while the carboxyl terminus is very acidic, as has been observed for a number of homeobox genes, as well as other transcriptional regulators (e.g. see ref.
in Mackem and Mahon, 1991) .
Temporospatial expression pattern of Gnotl during limb development
The time course of Gnotl expression in chick embryos between 2.5 to 6 days of incubation (stage 18-30) was examined on northern blots of polyA+ RNA from isolated limb buds and from remaining carcasses (heads and trunks) as shown in Fig. 3 . During this time period the expression of Gnotl, as a very low abundance 2.2-kbp transcript, was largely restricted to the developing limb buds and was first detected there at stage 19, peaked in intensity by stage 24 and had disappeared completely by stage 30 (stage 18 and 30 not shown).
The spatial pattern of Gnotl expression during this time period was analyzed both by in situ hybridization of serially sectioned embryos and by whole mount hybridization of intact embryos, using an antisense riboprobe derived from the 3 ' untranslated region of the Gnotl cDNA (see Fig. 1A ). Hybridizations were also performed using sense riboprobes in parallel, which gave no signal (data not shown). The overall expression pattern of GnotZ (Figs. 4-7) was dynamic; beginning very distally in the limb bud, extending more proximally and anteriorly with time and finally becoming restricted to the future wrist and ankle regions. The timing and hi. Ranson et al. /Mechanisms of Development SI (1995) ref. in Laughon, 1991) . The positions of the three alpha helices are indicated above (reviewed by Laughon, 1991) and the number of identical and conserved amino acid residues relative to the Gnorl sequence are shown to the right. spatial distribution of Gnotl expression thus correlated with the changing location of cells destined to contribute to distal limb structures, particularly including and eventually restricted to, the future wrist and ankle (as determined by Saunders, 1948; Stark and Searls, 1973; Summerbell, 1974; Lewis, 1975) .
Gnotl expression was first detectable, by in situ hybridization of sectioned and of whole mount embryos, at about stage 19. At early stages (19-21), before the wrist and ankle regions have been determined, the Gnotl hybridization signal was localized to the distal mesenthyme at the tip of the limb bud in the progress zone area and the overlying ectoderm, and notably included the apical ectodermal ridge (AER) through stage 22/23 (Figs. 4A, 4B, SA and 5B). The expression of Gnotl in the distal limb bud mesenchyme broadened proximally and anteriorly with time. By stage 24, Gnotl RNA was visualized in an anterior-distal wedge zone in the wing bud mesenchyme and a more stripe-like anterior-distal zone in the leg bud mesenchyme (Figs. 4C, 4D and 5C). At stage 24, only mesenchymal expression was present; the ectoderm, including the AER, had become negative (Fig. SD) . Between stage 24 to 26, the expression of Gnotl gradually receded from the distal periphery of the limb and became localized to the soft tissue around the forming chondrogenic blastemata of the wrist and ankle. By stage 26, when the identity of the future wrist/ankle region has been completely determined and the precartilagenous condensations for the more proximal components have formed (ie. the distal radius/ulna or tibia/tibula), Gnotl RNA was confined to the soft tis- Fig. 4 . In situ localization of %-labeled Gnotl antisense riboprobe in sectioned chick embryos. At an early stage (panels A and 9: transverse section of stage 22 wing bud), Gnotl expression is seen in the mesenchyme at the distal tip of the limb bud and in the overlying ectodenn including the apical ridge (arrow). By stage 24 (panels C and D: coronal section of wing bud), the mesenchymal expression has expanded proximally and anteriorly to form a wedge-shaped zone of hybridization and expression is no longer evident in the ectoderm. At later stages (panels E and F: parasagittal section of stage 26 wing; panels G and H: frontal section of stage 26/27 leg) expression of Gnotl in the limb mesenchymal soft tissue has become more proximally restricted to the presumptive wrist and ankle regions, with the most intense signal in the region surrounding the distal radial and tibia1 blastemata. Expression is also seen in the proliferating blastemal cells along the growing edge of the distal radial and tibia1 (arrow) condensations. a, anterior; p, posterior; d, dorsal; v, ventral. Panels A, C, E and G are bright field and panels 9, D, F and H are dark field. Bar = 500 pm with panels A-D at the same magnification and panels E-H at the same magnification. sue mesenchyme immediately surrounding the distal tips of these anlage and the adjacent future carpal or tarsal regions (Figs. 4E-H, 6A, 6B, 6E and 6F). The proliferating chondrogenic blastemal cells at the periphery of these long bone anlage also showed a Gnotl hybridization signal (e.g. Fig. 4H ). During this period, Gnotl expression was at first prominent in a V-or U-shaped pattern that spanned the area between the distal long bone anlage (e.g. radius and ulna in Fig. 6B ). Later, by stage 28, when the chondrogenic anlage of the future wrist and ankle joints have completely formed and the anlage of the digits are appearing, the expression of Gnotl became considerably weaker in intensity and further limited to two parallel mesenchymal soft tissue strips around the distal radial and the anterior-distal ulnar condensations in the wing (Fig. 6C and D) , and similarly around the distal tibia1 and tibular condensations in the leg (Fig. 6G and H) . At these later stages (stage 26-28), the hybridization signal was also stronger ventrally than dorsally (Fig. 6) . By stage 30, when the proximodistal outgrowth of limb skeletal precursors has been largely completed, expression of Gnotl was no longer detectable in the limbs (not shown). A schematic summary of Gnotl expression during limb development is shown in Fig. 7 .
During this period of embryonic development, expression of Gnotl was detected by in situ hybridization at only two other highly restricted sites, in addition to the developing limb buds. Expression was also seen in the developing epiphysis/pineal gland (data not shown) and in the posterior tip of the notochord in the tail bud until about stage 24125, when the tail undergoes regression (e.g. see stage 20 in Fig. 5A ). This represents the end result of progressively more posterior restriction of Gnotl expression in the notochord and regressing Hensen's node during early embryogenesis (Knezevic et al., manuscript in preparation).
Modulation of Gnotl expression following apical ridge excision and polarizing grafts
Gnotl expression during limb development became increasingly restricted to the future wrist/ankle, sug- gesting that this gene might play a role in specifying positional identity within these regions of the limb (see Fig.  7 ). To determine whether features of Grzotl expression were in fact consistent with such a possible role, apical ridge excisions and polarizing grafts were employed to perturb the developmental program of the limb and analyze the consequences on Gnotl expression. Proximodistal outgrowth of the limb requires the continuing presence of the AER as the different elements along this axis become progressively determined in a proximal to distal order (Saunders, 1948; Summerbell, 1974; Lewis, 1975) . A fate map of the timing of determination of different limb structures under the influence of the AER is shown in Fig. 8D . If Gnotl expression in the early limb bud indeed correlates with the later formation of the wrist region, then its initial expression (before stage 21) should be completely dependent on the presence of the AER. As wrist structures become determined (between stages 21-23, Gnotl expressing cells should begin to leave the distal 'progress zone' mesenthyme and subsequent Gnotl expression should become independent of the AER. AER excision performed at (or prior to) stage 20 resulted in the complete loss of Gnotl expression in the underlying limb mesenchyme within 24 h after ridge removal in 82% (9 of 11) of the operated embryos (Fig. 8A) . In the remaining 18% of these operated embryos, a focal, but distinct signal of Gnotl expression was seen in the distal mesenchyme at the very tip of the operated limb bud (not shownsimilar to 8B). Twenty four hours after apical ridge excision at the slightly later stage 21, Gnotl was invariably expressed in a small zone of mesenchyme at the very distal tip of the operated limb bud (5 of 5 embryos, Fig.  8B ). Following ridge removal at stage 24, when determination of most of the future wrist structures has been completed, the Gnotl hybridization signal seen in the operated limb appeared more similar to the contralateral, unoperated limb (4 of 4 embryos, Fig. 8C ). Although limb outgrowth was clearly truncated on the operated side, the pattern of Gnotl expression was unaffected after ridge removal at stage 24.
Polarizing zone grafts to the anterior limb bud border induce mirror-image duplications of skeletal elements (Saunders and Gasseling, 1968; Tickle et al., 1975) . Although such duplications are preceded by mirror image activation of Hoxd genes implicated in A-P patterning (Izpisua-Belmonte et al., 1991; Nohno et al., 1991) , this simple correspondence does not hold for all homeobox genes expressed in a regionally specific manner in the limb (e.g. see Oliver et al., 1990 and discussion below). It was therefore of interest to determine whether Gnotl expression correlated consistently with particular 'wrist' positional identities. When polarizing zone grafts are performed at very early times, more proximal elements encompassing the wrist are at least partly respecified', as diagrammed in Fig. 9A (stage 28 is shown to illustrate the final outcome on skeletal elements). The result is a conversion of proximal anterior elements to a more posterior morphology (e.g. radius to ulna), rather than the complete mirror-image duplication that is seen for more distal elements. Complete duplications of the wrist do not usually occur, although a small radial rudiment may occasionally be seen centrally between the two ulnae (e.g. see Tickle et al., 1975) . Polarizing zone grafts were performed at stage 18 and evaluated after 24-48 h further incubation for Gnotl expression. No change in Gnotl expression was apparent after 24 h (data not shown), but a mirror-symmetrical expression domain of Gnotl was consistently seen in the wrist region after 48 h incubation ( Fig. 9B and C) . This symmetrical expression pattern was consistent with a mirror-image duplication of a part of the normal Gnotl Fig. 7 . Schematic summary of Gnotl expression in the developing limb. Spatial and temporal features of Gnarl expression in the developing limb (indicated as red shading) correlate with location of cells that will contribute to the future wrist/ankle regions, especially the anterior wrist (radiocarpal) and anterior ankle (tibiotarsal) areas. At early times (stage 19-22), expression is localized to the AER and to the progress zone mesenchyme that will give rise to distal limb structures (including wrist/ankle). Cells fated to give rise to distal structures are first detected in the progress zone at about stage I9 by marking studies (Saunders, 1948; Stark and Searls, 1973) . As distal outgrowth of the limb proceeds, these cells begin to leave the progress zone and become proximally displaced. Similarly, Gnarl expression becomes proximally restricted to cells that are determined to give rise to the wrist/ankle. Chondrogenic anlage are shown in green. H = humerus; R = radius; U = ulna; 2, 3 and 4 = digits, 
(C)
Gnorf expression 24 h after AER excision at stage 24. The operated limb bud shows extensive parallel strips of expression of Gnarl that are becoming more similar to the unoperated side. Control ridge removals (data not shown) showed the expected truncations of skeletal elements, as is summarized diagramatically in panel D (the results of AER removal at different stages were compiled to generate a fate map of stages at which various skeletal components become determined -taken from data in Lewis, 1975; and Niswander et al.. 1993) . expression domain (inner radial border and peri-ulnar) and a concommitant loss of the most anterior part of the normal Gnotl expression (outer radial border), as shown schematically in Fig. 9A . The varying range of duplication seen (Fig. 9B and C) probably reflects small differences in developmental stage and maturity of the embryos, as can be better appreciated by comparing the unoperated and the grafted limb expression patterns in each case. Thus, at an earlier stage (st26-, Fig. 9B ), a prominent band of Gnotl expression spanned the wrist region from distal radius to ulna, and this domain was duplicated (appearing expanded) with broadening of the wrist following a ZPA graft. At a slightly later stage (st26+, Fig. 9C ), Gnotl expression was prominent adjacent to the inner (posterior) border of the distal radius, and this per&radial strip was duplicated around the midline (most anterior positional value) of the limb. It is noteworthy that the activation of mirror image Gnotl expression by ectopic ZPA signals was of later onset than activation of Hoxd genes seen by 24 h (Izpisua Belmonte et al., 1991; Nohno et al., 1991) but preceded the first appearance of carpal wrist condensations ( Fig.  9B and C) .
Discussion
Gnotl is a member of a new homeobox gene subfamily
Gnotl contains a novel homeodomain that is distinct from previously described homeobox gene subfamilies.
The chick genome appears to contain several different genes with a Gnot-related homeodomain. One of these genes, Gnot2, is located about 5 kbp from Gnotl on genomic DNA and shares 75% amino acid identity within, but little homology outside of the homeodomain. Hence, Gnotl represents a member of a new homeobox gene subfamily. This subfamily also includes the recently described Xenopus gene Xnot (and nearly identical gene Xnot2, a probable pseudo-allele of Xnot in this tetraploid organism; Gont et al., 1993; von Dassow et al., 1993) . It is uncertain whether Gnotl represents the actual chick homolog of Xnot/Xnot2 because Gnotl is part of a multigene subfamily and the coding region of Gnotl N-terminal to the homeodomain is not at all conserved with the Xenopus genes. Likewise, Gnot2 is a distinct member of this family and is not equivalent to Xnot2; it is in fact unrelated to Xnot/XnotZ outside of the homeodomain region. Unlike Gnotl, Gnot2 does not appear to be expressed appreciably in the developing limb.
3.2. Gnotl is expressed in a position and fate dependent manner compatible with a role in proximodistalpatterning in the developing limb.
The temporospatial features of Gnotl expression in the developing limb suggest that this gene may play a role in determining positional identity along the proximodistal axis. The expression is dynamic and correlates with both the first appearance and the positional changes of cells that will contribute to the future wrist and ankle regions, especially anteriorly (summarized in Fig. 7 ). Gnotl expression is first evident in the limb bud at about stage 19, when ancestors of cells that will contribute to distal limb structures (including wrist/ankle) become readily detectable by marking techniques in the proliferating progress zone mesenchyme at the tip of the bud (Saunders, 1948; Stark and Searls, 1973) . Gnotl is initially expressed in a broadening distal and anterior zone that will give rise to various future distal structures including the wrist/ankle (stage 19-24), and subsequently narrows to encompass only the future wrist/ankle region when cells that have become determined to form this region have completely left the progress zone (from about stage 25 on; Saunders, 1948; Summerbell, 1974; Lewis, 1975) . This progressive restriction of expression is reminiscent of certain other homeobox genes (such as Ghox-lab/Hoxb-2 in the hindbrain), whose spatial expression prefigures the formation of a particular structure (e.g. see Sundin and Eichele, 1990 and review by McGinnis and Krumlauf, 1992) . Of interest, Gnotl expression in the AER ceases at stage 24, just before the development of the wrist/ankle becomes completely independent of AER function.
The results of manipulations that modify the developmental program and alter the formation of the wrist region indicate that Gnotl is expressed in a position-and fate-dependent manner consistent with a potential role for this gene in pattern formation, and demonstrate the ability of AER and ZPA factors to modulate the expression level of Gnotl, as also occurs during normal limb development.
Early, the AER is required to maintain expression of Gnotl in the progress zone mesenchyme (stage 19-21) . At stage 21 and later, Gnotl expressing cells begin to leave the progress zone and will sustain Gnotl expression following AER removal. During this same interval (stage 21-25), wrist structures become determined (Saunders, 1948; Summerbell, 1974; Lewis, 1975) . AER removal after determination of the wrist region is completed no longer perturbs Gnotl expression.
For a gene involved in regulating skeletal pattern, a correlation between altered expression and altered developmental fate would be anticipated, and it is often presumed that any regionally specific gene expression will be modulated in simple accordance with respecification of regional fates by experimental manipulations. The 5 ' Hoxd genes, which have been implicated in regulating A-P positional values in the limb, fultil this expectation and are activated in mirror image-fashion within 24 h of exposure to ectopic ZPA signals (IzpisuaBelmonte et al., 1991; Nohno et al., 1991) . However, this simple correspondence between expression and altered positional values is not obeyed by several homeobox genes that are normally expressed in the anterior limb bud. Hoxc-6 (homologue of XIHboxZ) expression is super-activated, rather than repressed, in anterior limb bud mesenchyme following posteriorizing ZPA grafts or retinoic acid bead implants (Oliver et al., 1990) . Furthermore, the homeobox genes Msxl and h&x2 are turned off, as expected, in the anterior mesenchyme by such ectopic implants (Yokouchi et al., 1991a; Coelho et al., 1992 and , but are not expressed in a true mirror image fashion (ie. anterior expression domains should be shifted to the middle region of such manipulated limb buds, since the midline is respecified to an anterior identity). In contrast, polarizing zone grafts to the anterior limb bud that are performed early enough to respecify and partly duplicate wrist elements also produce a corresponding mirror-symmetrical duplication of Gnotl expression. Hence, Gnotl may play a role in specification of skeletal forming regions of the limb mesoderm, despite its relatively anterior distribution of expression at some.earlier stages (ie. stage 23-25). The timing of induction of this mirror image expression domain is delayed compared to the Hoxd genes (requiring more than 24 h), while still preceding the appearance of carpal wrist condensations. This places the activation of Gnotl expression in response to ZPA signals temporally downstream of the 5' Hoxd genes.
Potential roles for Gnotl as part of a regulatory cascade during limb development
The three most 5 ' genes of the Hoxa cluster are expressed in partly overlapping, restricted zones along the proximodistal axis of the limb (Yokouchi et al., 1991 b; Haack et al., 1993) and may determine a 'Hox code' that combinatorially specifys positional identities along this axis, as has been proposed for 5 ' Hoxd genes along the A-P axis (reviewed by Izpisua-Belmonte and . It is intriguing to speculate that appropriate Hoxa and Hoxd genes could act in concert to regulate the more highly restricted expression of Gnotl seen, generating a finer code of positional identity. Goosecoid may be another regulatory gene downstream of the Hoxu and Hoxd genes, since its expression is also of later onset and is restricted to tissues around developing chondrogenic anlage in the limb more proximal to Gnotl, extending from shoulder girdle to wrist (Gaunt et al., 1993) . AV-1, a previously described cell-surface antigen unique to the developing limb bud (Ohsugi et al., 1988) , may represent yet another component of such a cascade. The function of this protein is unknown, but its cellular location could make it a candidate for some component in signal transduction and/or cell-cell communication important in pattern formation. AV-1 shows a striking and position-dependent expression that is remarkably similar to that of Gnotl in both its dynamic temporal and spatial distribution (Ohsugi et al., 1988; Ohsugi and Ide, 1993) . The identification of such genes raises the possibility that a cascade of very spatially restricted regulatory and signaling genes 'focuses' the specification of the various limb elements.
Alternatively, it is possible that Gnotl expression, along with that of several other homeobox genes, is governed by some other, independent regulatory pathway giving rise to regional expression in different, partly overlapping anterior domains along the proximodistal axis of the limb bud. Such a group might also include XlHboxl (murine Hoxc-4) which is expressed very early in an anterior-proximal domain of the forelimb bud and may relate to development of the shoulder girdle (Oliver et al,, 1988 (Oliver et al,, , 1990 ; goosecoid, which is initially expressed in an anterior domain and later becomes localized to the soft tissues around chondrogenic elements extending from shoulder to wrist (Gaunt et al., 1993) ; and Msxl and MSXZ, which are expressed in very peripheral anterior (nonchondrogenic) domains and later in interdigital zones (Yokouchi et al., 1991a; Coehlo et al., 1991 Coehlo et al., , 1992 Coehlo et al., , 1993 .
The expression of Gnotl in the developing limb becomes so highly localized with time as to invite speculation regarding specific aspects of patterning in which Gnotl might be involved; for example, the morphologic features per se which define the 'identity' of one or more skeletal elements, or the pattern of branching from proximal chondrogenic anlage to give rise to multiple chondrogenic elements in the wrist/ankle regions (as proposed by Shubin and Albrech, 1968) , or the position at which the segmentation between proximal long bone and distal (carpal/tarsal) condensations occurs to produce wrist/ankle joints. If Gnozl were to play some role in patterning of such a restricted region in the limb, one might predict a large number of other very spatially-restricted regulatory genes to orchestrate limb development. Alternatively, the need for such highly localized expression of multiple regulators could be peculiar to the wrist and ankle region, which are relatively more complex in the number of distinct chondrogenic elements that ultimately result from multiple branching and segmentation events at these sites.
It appears less probable, although not impossible, that the region-specific expression of Gnotl in the limb could relate to cell lineage determination rather than patterning. The late expression of Gnotl appears to include both soft tissue mesenchyme around chondrogenic anlage and proliferating chondrogenic cells, as well as being position-dependent along the proximodistal axis.
Gnotl expression in the apical ectodermal ridge
At early times, when Gnotl is expressed in the progress zone mesenchyme, it is also expressed in the apical ridge ectoderm (up to stage 24), suggesting there is some co-regulation of the ridge ectoderm and the underlying responding mesenchyme. AER expression of Gnotl ceases slightly before the time at which the entire wrist/ankle region has become determined and Gnotl expressing mesenchymal cells have completely left the progress zone area (about stage 25). Apical ridge function is thought to be primarily supportive of limb outgrowth, and FGF-2 or -4 alone can largely substitute for the AER (Niswander et al., 1993; Fallon et al., 1994) . Synchronous expression of developmental control genes (such as homeobox genes) in the progress zone and the AER may serve to coordinate the patterning and rate of mesenchymal outgrowth by regulating the level of expression of trophic AER factors, so that the rate of proliferation in the progress zone can be adjusted to differing needs for the different proximodistal segments. For example, if Gnotl expression in the mesenchyme regulates formation of the wrist, then regulation of the level of AER growth factors by Gnotl expression in the ridge could ensure that the level of trophic signals is appropriate for the growth rate requirements of cells in the progress zone that will contribute to the wrist region, thus coupling growth rate to patterning.
An understanding of how the restricted temporospatial expression pattern of Gnotl is in fact achieved, and what role its regional expression may actually play in the morphogenesis of the limb, will entail the use of direct molecular-genetic and biochemical approaches and is the subject of further investigation.
Experimental procedures
Embryos
White Leghorn chick embryos were incubated at 38°C and staged as described by Hamburger and Hamilton (195 1) . Embryos were dissected in phosphate-buffered saline (PBS) and processed for experiments as described below.
Preparation and analysis of RNA
RNAs were extracted from embryonic chick tissues using RNAzol (Cinna-biotex), poly(A)+RNA was purifed using oligo-dT cellulose and Northern blots were prepared and hybridized to random-primed DNA probes (diagrammed in Fig. 1A ) using standard methods (Sambrook et al., 1989) .
Construction of cDNA libraries
Oligo-dT and random primed cDNA libraries were made by standard methods (Sambrook et al., 1989 ) from equally pooled stage 18-24 chick embryo wing and leg bud poly(A)+RNA. First strand synthesis was primed using either oligo-dT or a random primer. After second strand synthesis, EcoRI-Not1 adaptors were ligated, the cDNAs were digested with EcoRI and cloned into XZAPI (Stratagene). Each generated library contained about 3.5 x lo6 independent primary clones, with an average insert size of 1 kbp, for random primed, and 1.8 kbp for oligo-dT primed libraries.
Isolation and sequence analysis of genomic and cDNA clones
A cloned PCR product containing a highly divergent homeobox (see text and Mackem and Mahon, 1991) corresponding to amino acids 15-51 of the homeodomain, was used to screen a chicken genomic library (h-EMBL3, Clontech) using labeling and hybridization conditions as previously described (Mackem and Mahon, 1991) . Appropriate fragments of genomic clones (see Fig. 1 ) were subcloned into Bluescript I SK-(Stratagene). A 1.8-kbp PstI genomic DNA fragment containing the homeobox (see Fig. 1A ) was used to screen stage 21-22 chick limb bud cDNA libraries (described in Mackem and Mahon, 1991) . Subsequently, the stage 18-24 chick limb bud cDNA libraries (described above) were screened with a 60-base oligonucleotide (5'AGTTGTCTCACTGCACAGGGGCCGACCCG-CTGGGCCCT-GCTGTGCTGTGGAGGTCTGGA-G3 ') derived from 5 '-coding sequences (220-280 in Fig.  1B) to isolate longer clones. The sequence of a number of different length cDNA clones, as well as genomic clones, were determined by dideoxy sequencing (Sanger et al., 1977) . 4.5. In situ hybridization of sectioned and whole mount embryos The PvuII-PstI fragment from the 3'untranslated region of Gnotl (shown in Fig. 1A ) was subcloned into Bluescript I SK-and 35S-or digoxigenin-UTP riboprobes were prepared using standard procedures (Mackem and Mahon, 1991; Conlon and Rossant, 1992) . In situ hybridizations of sectioned embryos were performed exactly as previously described (Mackem and Mahon, 1991) . Following hybridization, sections were exposed for between 10 to 21 days using Kodak NTB-2 emulsion. Embryos were prepared for whole mount in situ hybridization, hybridized, washed and the hybrids visualized with alkaline phosphatase conjugated antidigoxigenin, exactly as described by Conlon and Rossant (1992) . Upon visualization of the reaction product (2-12 h), the color reaction was stopped and embryos were stored at 4°C in PBS containing 2.5 mM EDTA and 0.1% Tween 20 and then photographed without clearing.
Experimental manipulations of chick limbs
Embryos were windowed and staged. For ridge removals, the apical ridge was dissected from the underlying mesenchyme and removed in its entirety. For polarizing grafts, wing or leg buds were isolated from donor stage 20/21 embryos, the ectoderm was removed by trypsinization and posterior fragments of mesenthyme were grafted to the anterior margin of the wing bud of stage-18 recipient embryos. Manipulated embryos were incubated for either an additional 24 or 48 h and prepared for either sectioned or whole mount in situ hybridization, as described above. Manipulated embryo controls were allowed to develop for an additional 7 days, fixed in 5% trichloroacetic acid, stained for cartilage with Alcian Green and cleared in methylsalicylate to visualize and analyze the cartilagenous skeleton.
